TNF-α siRNA has shown promising therapeutic benefits in animal models of rheumatoid arthritis. However, there continues to be a need for siRNA delivery systems that have high siRNA encapsulation efficiency and minimum burst release of TNF-α siRNA, and can target inflamed tissues after intravenous administration. Herein we report a novel acid-sensitive sheddable PEGylated solid-lipid nanoparticle formulation of TNF-α-siRNA, AS-TNF-α-siRNA-SLNs, prepared by incorporating lipophilized TNF-α-siRNA into solid-lipid nanoparticles composed of biocompatible lipids such as lecithin and cholesterol. The nanoparticles are approximately 120 nm in diameter, have a high siRNA encapsulation efficiency (> 90%) and a minimum burst release of siRNA (< 5%), and increase the deilvery of the siRNA in chronic inflammation sites in mouse models, including in a mouse model with collagen-induced arthritis. Importantly, in a mouse model of collagen antibody-induced arthritis that does not respond to methotrexate therapy, intravenous injection of the AS-TNF-α-siRNA-SLNs significantly reduced paw thickness, bone loss, and histopathological scores. These findings highlight the potential of using this novel siRNA nanoparticle formulation to effectively treat arthritis, potentially in patients who do not respond adequately to methotrexate.
Introduction
Inflammation is an acute, signal-mediated process that occurs in response to harmful stimuli. It involves the infiltration of immune cells and soluble mediators, such as tumor necrosis factor alpha (TNF-α), to the site of inflammation, which is highly elevated in many chronic inflammation-related diseases [1] . Chronic inflammation-related diseases, such as rheumatoid arthritis (RA), may develop in response to failure to resolve acute inflammation [1, 2] .
Anti-TNF-α therapies (e.g., Humira) have proven effective in treating arthritis [3] [4] [5] [6] [7] . In the past decade, there has been a growing interest in using TNF-α small interfering RNA (siRNA) to selectively reduce the production of the pro-inflammatory TNF-α cytokine to treat arthritis (16) (17) (18) (19) (20) (21) . Small interfering RNA has been formulated into nanoparticles to address issues related to siRNA's short half-life, poor extravasation from blood vessels to target tissues, poor cellular uptake, and potential immunogenicity [8, 9] . Data from several studies showed that TNF-α siRNA-loaded nanoparticles or nanocomplexes, prepared with polymers (e.g., chitosan, poly (lactic-co-glycolic) acid (PLGA)) or lipids, are effective against RA in mouse models [10] [11] [12] [13] [14] [15] . Various methods and compositions have been used to formulate nanoparticles with high siRNA encapsulation efficiency [15] [16] [17] [18] . Previously, we developed acid-sensitive sheddable PEGylated PLGA nanoparticles that increase the distribution and retention of siRNA in chronic inflammation sites in a mouse model [19] . However, the nanoparticles suffer from low encapsulation efficiency and high burst release of siRNA [19] . In fact, high burst release of siRNA (20% or more within two days) is a common problem for siRNA formulations that have high encapsulation efficiencies [16, 20] . Therefore, a need persists for siRNA formulations that maintain high siRNA encapsulation efficiency but with minimum siRNA burst release [21] .
In the present paper, we report the development of such a TNF-α siRNA nanoparticle formulation by complexing TNF-α siRNA with a biocompatible cationic lipid and then incorporating the nanocomplexes into solid-lipid nanoparticles prepared using lecithin, cholesterol, and a previously reported acid-sensitive stearic acid-polyethylene glycol (2000) hydrazone conjugate (PHC) [22] . Previously, we have shown that nanoparticles PEGylated with PHC have increased distribution and https://doi.org/10.1016/j.jconrel.2018.05.035 Received 1 May 2018; Accepted 29 May 2018 retention in chronic inflammation sites in a mouse model, likely due to the relatively lower pH microenvironment in chronic inflammation sites [19, 23] . Herein, we have also evaluated the biodistribution of the new TNF-α siRNA nanoparticles in mouse models of chronic inflammation, including a mouse model of collagen-induced arthritis (CIA), and tested their efficacy in a mouse model of collagen antibodyinduced arthritis (CAIA). Both CIA and CAIA models develop clinical features representative of RA in humans, including increased capillary permeability, accumulation of white blood cells, and severe joint damage and bone erosion [24] [25] [26] . Importantly, it is known that the CAIA model does not respond to methotrexate treatment [26] . Methotrexate is the first-line therapy for patients with early RA or low disease activity. However, some patients do not respond adequately to methotrexate, and biologics such as anti-TNF-α antibodies are combined with methotrexate (or other disease-modifying antirheumatic drugs) to manage the disease [24, 27] .
Materials and methods

Materials
The polyethylene glycol (2000)-hydrazone-stearic acid (C18) derivative (PHC) and polyethylene glycol (2000)-amide-stearic acid (C18) derivative (PAC) were synthesized following our previously published methods [22] . Cholesterol, chloroform, tetrahydrofuran (THF), Lugol's solution, Tris-EDTA (TE), sodium dodecyl sulfate, Triton X-100, N,Ndimethyl-9,9-biacridinium dinitrate (Lucigenin), lipopolysaccharides (LPS) from Salmonella enterica serotype enteritidis, MISSION® siRNA Fluorescent Universal Negative Control #1 (Cyanine 5), Amicon Ultra centrifugal filter units Ultra-15 (MWCO 30 kDa) were from Sigma-Aldrich (St. Louis, MO). TopFluor cholesterol and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were from Avanti Polar Lipids (Alabaster, AL). Lecithin was from Alfa Aesar (Ward Hill, MA). BLOCKiT™ Fluorescent Oligo siRNA (labeled with fluorescein) was from Life Technologies (Grand Island, NY). Negative control siRNA (Medium GC Duplex), Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and streptomycin/penicillin were from Invitrogen (Carlsbad, CA). TNF-α siRNA (5′-GUCUCAGCCUCUUCUCAUUCCU GCT-3′) was synthesized by Integrated DNA Technologies (Coralville, IA). Methotrexate was from MP Biomedicals (Santa Ana, CA). Bio-Rad Bradford Protein Assays was from Bio-Rad Laboratories (Hercules, CA).
Preparation of siRNA-incorporated nanoparticles
The siRNA was first lipophilized by complexing it with DOTAP in a monophase [28] . Briefly, a 100 μl solution of 20 μM siRNA in TE buffer (10 mM Tris-HCl and 1 mM EDTA in water, pH 7.5) was added to 400 μl of RNase-free water. DOTAP in chloroform (1.25 mg in 680 μl) was then added drop-wise to the siRNA solution while stirring. The mixture was sonicated briefly in a water bath sonicator and mixed with 1.36 ml of methanol to form a monophase. After 1 h of incubation at room temperature, the siRNA/DOTAP complexes were extracted into chloroform by phase separation. At the siRNA/DOTAP ratio used, > 99% of the siRNA partitioned into the chloroform phase (by measuring the fluorescence intensity in the water phase and using fluorescently labeled siRNA).
Lecithin (3.2 mg) and cholesterol (1.6 mg), dissolved in chloroform, were added drop-wise to the siRNA/DOTAP complexes in chloroform while stirring. PHC or PAC (2 mg) dissolved in chloroform was then added drop-wise to the siRNA-lipids mixture. The resultant mixture was dried under nitrogen gas and then dissolved in 500 μl of THF, which was then added drop-wise into water while stirring to form nanoprecipitates. The resultant nanoparticle suspension was stirred at room temperature for 6 h to faciliate the evaporation of THF, subjected to ultrafiltation (MWCO, 30 KDa), washed once with water, and reconstituted in diethylpyrocarbonate (DEPC)-treated water (Invitrogen).
Nanoparticles prepared with PHC were named AS-siRNA-SLNs, where AS indicates that the nanoparticles were PEGylated with acid-sensitive sheddable PEG(2000) (i.e., PHC) [19, 29] . Nanoparticles prepared with PAC were named AI-siRNA-SLNs, where AI indicates that the nanoparticles were PEGylated with the PAC, which is acid-insensitive. Fluorescently labeled nanoparticles were prepared by using fluorescently labeled siRNA or TopFluor cholesterol (62.5% of total cholesterol) in the preparation.
Characterization of siRNA-incorporated nanoparticles
The particle size, polydispersity index (PDI), and zeta potential of the siRNA-incorporated nanoparticles were determined using a Malvern Zeta Sizer Nano ZS (Westborough, MA). To determine the encapsulation efficiency of the siRNA in the nanoparticles, nanoparticles were prepared with fluorescein-labeled siRNA to measure the fluorescence intensity of the siRNA in the (ultra)filtrate using a BioTek Synergy HT Multi-Mode Microplate Reader (Winooski, VT, Ex = 485 nm, Em = 528 nm).
Transmission electron microscopy (TEM)
The morphology of the AS-TNF-α siRNA-SLNs was examined using an FEI Tecnai Transmission Electron Microscope in the Institute for Cellular and Molecular Biology (ICMB) Microscopy and Imaging Facility at The University of Texas at Austin (Austin, TX). Carboncoated 400-mesh grids were activated for 1-2 min. One drop of the nanoparticle suspension was deposited on the grids and incubated overnight at room temperature before examination.
In vitro release of siRNA from the nanoparticles
The release of siRNA from the nanoparticles was measured using nanoparticles prepared with fluorescein-labeled siRNA. Briefly, about 9 mg of AS-siRNA-SLNs were suspended in 1 ml PBS (10 mM, pH 7.4) inside a dialysis device (MWCO 50 kDa, Spectrum Laboratories, Rancho Dominguez, CA), which was then placed into 50 ml PBS (10 mM, pH 7.4) and maintained in a shaker incubator (100 rpm, 37°C) (MAQ 5000, MODEL 4350, Thermo Fisher Scientific, Waltham, MA). At given time points (1, 24, 48, 96, 192, 450 and 720 h), the amount of siRNA in the release medium was determined by measuring the fluorescence intensity using a BioTek Synergy HT Multi-Mode Microplate Reader. The percent of siRNA released was calculated using the following equation: % released = 100 X (fluorescence intensity in the release medium/total fluorescence intensity of the encapsulated siRNA). To study the effect of the acid-sensitive sheddable PEGylation of the nanoparticles on their uptake and/or binding by the cells, the AS-siRNA-SLNs or AI-siRNA-SLNs were pre-incubated in PBS (200 mM, pH 6.8 or 7.4) for 6 h to facilitate the shedding of PEG before the nanoparticles were added into the cell culture medium. After 50 min of co-incubation, the cells were washed with PBS (10 mM, pH 7.4) and lysed with a lysis solution that contained 2% (v/v) sodium dodecyl sulfate and 1% Triton X-100. The fluorescence intensity in the cell lysate was measured using a plate reader (Ex = 485 nm, Em = 528 nm). Bradford protein assay did not show any significant difference in the total protein concentrations in the lysates among the groups.
The shedding of PEG from the the nanoparticles was tested using an iodide staining method with Lugol's solution [19] . Briefly,~4.5 mg of nanoparticles were incubated in PBS (pH 6.8 or 7.4) for 6 h, ultrafiltrated, and then reconstituted in 1 ml of water. One hundred fifty microliters of the nanoparticles in dispersion were added to a solution that contained 950 μl of PBS (pH 7.4, 10 mM) and 68 μl of Lugol's solution. After 5 min of incubation at room temperature, the absorbance (OD490 nm) was measured using a BioTek Synergy HT Multi-Mode Microplate Reader.
2.7. TNF-α release from J774A.1 macrophages in culture J774A.1 cells were seeded in 96-well plates (10,000 cells per well). After 20 h incubation at 37°C, 5% CO 2 , the culture medium was replaced with serum-free DMEM containing TNF-α siRNA incorporated AS-siRNA-SLNs at a final siRNA concentration of 500 ng/ml. The culture medium was replaced 4 h later with fresh DMEM containing 10% FBS. Nineteen hours later, LPS was added into the cell culture medium to a final concentration of 100 ng/ml. The cell culture medium was harvested after five additional hours of incubation to measure TNF-α concentration using a mouse TNF-α ELISA kit (Thermo Fisher Scientific).
LPS-induced mouse model of chronic inflammation
All animal studies were conducted in accordance with the U.S. National Research Council Guidelines for the Care and Use of Laboratory Animals. The animal protocol was approved by the Institutional Animal Care and Use Committee at The University of Texas at Austin. Female C57BL/6 mice (6-8 weeks) were from Charles River Laboratories (Wilmington, MA). For imaging, mice were fed with alfalfa-free diet (Harlan, Indianapolis, IN) to minimize unwanted background signals. An LPS-induced mouse model of chronic inflammation was established as previously described [30] . Briefly, LPS was dissolved in sterile PBS (pH 7.4, 10 mM) at a concentration of 1 mg/ml. Mice were injected with 50 μl of the solution into the right hind footpad on day 0. On day 8, chronic inflammation was confirmed using an IVIS® Spectrum (Caliper, Hopkinton, MA) with a bioluminescence imaging system 20 min following intraperitoneal (i.p.) injection of lucigenin (15 mg/kg) (exposure time 60 s, large binning, field B). Lucigenin is known to react with the superoxide produced by macrophages during chronic inflammation [30] . Mice positive for chronic inflammation, as confirmed by IVIS® Spectrum imaging, were randomized into groups. Mice that did not show any significant chronic inflammation were excluded.
CIA model
Collagen-induced arthritis was induced in 8-12 week-old female DBA/1 J mice (Taconic Biosciences, Hudson, NY) with a Hooke CIA Induction Kit following the manufacturer's instructions (Hooke Laboratories, Lawrence, MA). Chicken type II collagen in an emulsion with Freund's Complete Adjuvant was used for initial immunization, and chicken type II collagen in an emulsion with Freund's Incomplete Adjuvant was used for boosting. The emulsions were intradermally injected in the base of the tail. Mice were observed daily for signs of joint inflammation.
Biodistribution studies
To evaluate the accumulation of the AI-siRNA-SLNs and AS-siRNASLNs in LPS-induced inflamed mouse feet, mice were intravenously (i.v.) injected with AI-siRNA-SLNs or AS-siRNA-SLNs (labeled with TopFluor cholesterol, 0.2 mg/kg), and the inflamed foot (i.e., right hind) was imaged using IVIS® Spectrum at 6 h and 24 h after the injection. As controls, mice were i.v. injected with sterile PBS. Mice were euthanized 24 h later to collect the inflamed foot and major organs (i.e., heart, kidneys, liver, spleen, and lung). All samples were then imaged using IVIS® Spectrum (Ex = 495 nm, Em = 507 nm). In another study, CIA mice were i.v. injected with PBS, free siRNA, or AS-siRNA-SLNs. The siRNA was labeled with Cy5 and was given at a dose of 0.5 mg siRNA/kg body weight. Mouse rear legs were imaged using IVIS® Spectrum at 24 h and 48 h after the injection (Ex = 485 nm, Em = 528 nm). All the fluorescence units are photons per second per centimeter square per steradian (p/s/cm 2 /sr).
CAIA model and siRNA treatment
CAIA was induced in 8-12 week-old male BALB/c mice (Charles River Laboratories) with an Arthrogen-CIA® 5-Clone Cocktail Kit (Chondrex Inc., Redmond, WA) following the manufacturer's instructions. Mice were i.p. injected with the cocktail of antibodies on day 0. Three days later, mice were i.p. injected with LPS from Escherichia coli 0111:B4 (Chondrex) to trigger arthritis development. Animals were evaluated every 2 days for arthritis incidence. Paw thickness was measured and evaluated individually on a scale of 0-4, where a score of 4 indicates the most severe inflammation [31] . On days 1, 3, 5, and 7, mice were i.v. injected with AS-TNF-α siRNA-SLNs (TNF-α siRNA, 2 mg/kg) or AS-siRNA-SLNs containing the GC Duplex negative control siRNA (AS-Cont siRNA-SLNs). Other controls include CAIA mice i.v. injected with methotrexate (5 mg/kg) or left untreated. One group of healthy mice did not receive any treatment. Mice were euthanized on day 9.
Micro-CT analysis
The legs of CAIA mice were assessed at The University of Texas at Austin High-Resolution X-ray CT Facility. After the mice were euthanized, their right legs were immediately collected and stored at −80°C. The specimens were placed with the implant axis perpendicular to the scanning section, and cross-section images of the specimens were acquired at an isotropic resolution of 14.5 μm using a micro-CT system (NSI scanner, Fein Focus High Power Xradia microXCT 400, Carl Zeiss, Oberkochen, Germany). Scanning parameters were: voltage of 100 kV, a current of 200 μA, no filter, Perkin Elmer detector, 0.25 pF gain, 1 fps, 1 × 1 binning, no flip, source to object 155.0 mm, source to detector 1316.961 mm, continuous CT scan, no frames averaged, 0 skip frames, 1800 projections, 5 gain calibrations, 5 mm calibration phantom, data range (−3.0, 40.0) (grayscale adjusted from NSI defaults), hardening correction 0.1. Voxel size was 4.5 μm, and total slices were 1790. About 30 slides were used to determine calcaneus bone density using the NIH ImageJ (Bethesda, MD).
Histopathologic examination
Upon euthanization, the hind legs of CAIA mice were immediately fixed in 10% neutral buffered formalin and transferred to 70% ethanol 24 h later. After decalcification, paraffin embedding, and sectioning, the specimens were stained with hematoxylin and eosin (H&E) or safranin O/fast green. H&E slides were given scores of 0-5 for inflammation according to the following criteria: 0, normal; 1, minimal infiltration of inflammatory cells in the periarticular area; 2, mild infiltration; 3, moderate infiltration; 4, marked infiltration; and 5, severe infiltration [32] .
For the safranin O/fast green slides the following criteria was used: 0, normal; 1, minimal-to-mild loss of toluidine blue staining with no obvious chondrocyte loss or collagen disruption; 2, mild loss of toluidine blue staining with focal mild (superficial) chondrocyte loss and/or collagen disruption; 3, moderate loss of toluidine blue staining with multifocal moderate (to middle-zone depth) chondrocyte loss and/or collagen disruption; 4, marked loss of toluidine blue staining with multifocal marked (to deep-zone depth) chondrocyte loss and/or collagen disruption; and 5, severe diffuse loss of toluidine blue staining with multifocal severe (to tidemark depth) chondrocyte loss and/or collagen disruption [33, 34] . Each slide was scored by two independent observers (one blinded) and the average score was reported.
Statistical analysis
Statistical analyses were completed by performing analysis of variance followed by Fisher's protected least significant difference procedure. A p value of ≤0.05 (two-tail) was considered significant.
Results and discussion
Preparation and in vitro characterization AS-TNF-α siRNA-SLNs
AS-TNF-α siRNA-SLNs were prepared by encapsulating siRNA complexed with DOTAP into solid-lipid nanoparticles comprised of cholesterol, lecithin, and an acid-sensitive stearoyl PEG(2000) hydrazone conjugate (PHC) previously synthesized in our laboratories. As a control, DOTAP-complexed siRNA was also encapsulated into solidlipid nanoparticles comprised of cholesterol, lecithin, and an acid-insensitive stearoyl PEG(2000) amide conjugate (PAC). The AS-TNF-α siRNA-SLNs were 118 ± 7 nm in diameter, with a polydispersity index of 0.16 ± 0.01 and a zeta potential value of −13.8 ± 5.8 mV. The AS-TNF-α siRNA-SLNs were slightly negatively charged, which is preferred to reduce particle aggregation and recognition by the mononuclear phagocyte system (e.g. liver, spleen) after i.v. injection, thereby reducing the potential toxicity of the nanoparticles [35] . Importantly, the encapsulation efficiency (EE) of the siRNA in the nanoparticles was determined to be 93 ± 2%. The hydrophobic ion pairing (HIP) technique helps to increase the encapsulation efficiency of the siRNA via complexation with the cationic DOTAP lipid [16] . The complexes were dispersed in THF or ethanol and then added drop wise into an aqueous solution to form nanoparticles using the solvent displacement method. The nanoparticles were comprised of a lipid core, which was wrapped with anionic and neutral lipids (i.e. lecithin and cholesterol). Transmission electron microscopic images show that the AS-TNF-α siRNASLNs are spherical in shape (Fig. 1A) . Unlike other siRNA nanoparticle formulations that release~20% of siRNA within two days [16, 20] , data from an in vitro siRNA release study showed that there was a minimum burst release of siRNA from our AS-TNF-α siRNA-SLNs, and only about 5% of siRNA was released in a one-month release study (Fig. 1B) . The United States Food and Drug Administration (FDA) Nanotechnology Task Force (NTF) recommends no or miminum burst release of the drug from nanoparticles in in vitro evaluation [36] .
It is noted that a similar composition has been reported to prepare solid-lipid nanoparticles by wrapping a hydrophobic core with lecithin and amphiphilic PEG conjugates [16] . However, the nanoparticles we report herein were made by a simpler method and have favorable in vitro parameters (i.e. a minimum burst release of siRNA vs. high burst release of about 50% of siRNA within 2 days). It is likely that our method of preparation, the composition of the SLNs (i.e. siRNA to DOTAP ratio, the inclusion of cholesterol), and the ratio of siRNA to total lipids all have contributed to the minimum burst release of siRNA from the siRNA-nanoparticles [16] . Moreover, unlike other methods reported to increase siRNA encapsulation in nanoparticles, the method used herein does not require a change in temperature or any chemical modifications [10, 15, 18] .
Confirmation of pH-sensitive sheddale PEGylation of the AS-TNF-α siRNA-SLNs and their functionality in cell culture
To confirm the acid-sensitive PEGylation of the AS-TNF-α siRNASLNs, fluorescein-labeled siRNA was used to prepare AS-siRNA-SLNs and AI-siRNA-SLNs (as a control). Preincubation of the AS-siRNA-SLNs in pH 6.8 PBS (200 mM) for 6 h to facilitate the shedding of PEG chains, as compared to preincuabtion in pH 7.4 PBS (200 mM), before incubating with J774A.1 cells significantly increased the amount of siRNA associated with the J774A.1 cells (i.e. uptake and/or binding, Fig. 2A ). For the AI-siRNA-SLNs, preincubation in pH 6.8 PBS did not significantly increase the amount of siRNA associated with J774A.1 cells ( Fig. 2A) , indicating that the AS-siRNA-SLNs and the AI-siRNASLNs were PEGylated as intended. The shedding of PEG from the ASsiRNA-SLNs was further confirmed by estimating PEG content with an iodide staining method. As shown in Fig. 2B , after preincubation of the AS-siRNA-SLNs in pH 6.8 PBS for 6 h, the content of PEG in the nanoparticles in dispersion was reduced by about 40%, as compared when the AS-siRNA-SLNs were preincubated in pH 7.4. In contrast, preincubation of the AI-siRNA-SLNs in pH 6.8 for 6 h did not lead to a significant decrease in the PEG content, as compared to incubation at pH 7.4 (Fig. 2B) . Taken together, it is concluded that the PEGylation of the AS-siRNA-SLNs was more sensitive to shedding or hydrolysis at a lower pH (i.e. pH 6.8 vs. 7.4), whereas the PEGylation of the AI-siRNASLNs was not. Finally, it was observed that in contrast to the AI-siRNASLNs, the size of the AS-siRNA-SLNs, after 6 h of incubation in pH 6.8, was increased by around 18%, as compared to incubation in pH 7.4 (data not shown). It is likely that the shedding of PEG from the ASsiRNA-SLNs may have reduced their stability in aqueous dispersion, potentially leading to particle aggregation. To validate the functionality of the TNF-α siRNA in the AS-TNF-α-siRNA-SLNs, AS-TNF-α-siRNA-SLNs were used to inhibit TNF-α cytokine production by LPS-stimulated J774A.1 cells. As controls, LPS-stimulated J774A.1 cells were treated with sterile PBS, siRNA-free ASSLNs, or AS-siRNA-SLNs containing a control siRNA. As shown in Fig. 2C , only the AS-TNF-α-siRNA-SLNs significantly decreased TNF-α release by J774A.1 cells after LPS stimulation, demonstrating that the siRNA in the AS-TNF-α-siRNA-SLNs remained functional.
Distribution and accumulation of AS-TNF-α siRNA-SLNs in chronic inflammation sites in mouse models
Surface modification of nanoparticles with PHC generates a hydrophilic and flexible layer to shield nanoparticles, thereby preventing seeded. Twenty hours later, the medium was replaced with serum-free DMEM containing AS-TNF-α-siRNA-SLNs (siRNA, 50 ng/well). Controls include AS-siRNA-SLNs containing a control siRNA, TNF-α siRNA complexes with the GeneSilencer, or sterile PBS. After 4 h of incubation, the medium was replaced with fresh medium. LPS (100 ng/ml) was added 19 h later, and the cells were incubated for five additional hours. TNF-α level in culture media was measured and divided by the % of cells alive estimated with an MTT assay (*p < 0.05). Data are mean ± S.E.M. (n = 5-10).
opsonization and reducing the clearance of nanoparticles by the mononuclear phagocyte system [19, 23] . To evaluate the effect of acidsensitive sheddable PEGylation on the distribution and accumulation of the siRNA-nanoparticles in chronic inflammation sites, the accumulation and biodistribution of the AI-siRNA-SLNs and AS-siRNA-SLNs, both fluorescently labeled with TopFluor-cholesterol, in the inflamed feet of mice with LPS-induced chronic inflammation were evaluated. At 6 and 24 h after i.v. injection, the fluorescence intensity of the inflamed foot was measured using an in vivo imaging system. As shown in Fig. 3A -B, the fluorescence intensity was significantly higher in the inflamed feet in mice i.v. injected with the AS-siRNA-SLNs than in mice injected with the AI-siRNA-SLNs. Ex vivo IVIS® Spectrum imaging also showed that the biodistribution of the AI-siRNA-SLNs and AS-siRNA-SLNs in major organs of the mice are not significantly different, but different in the inflamed feet 24 h after i.v. injection (Fig. 3C) . The extravasation through leaky vasculature and subsequent inflammatory cell-mediated sequestration (i.e. ELVIS) phenomenon in inflamed tissues is likely related to the enhanced accumulation and retention of the AS-siRNASLNs, as compared to the AI-siRNA-SLNs [19] . As we have previously reported, once the nanoparticles extravasate into inflamed tissues, the low pH environment likely facilitates the shedding of the PEG chains on the surface of the AS-siRNA-SLNs, enabling inflammatory cells, such as macrophages, in the inflamed tissues to readily take up the PEG-shed siRNA-SLNs [19] . For the AI-siRNA-SLNs, they can still extravasate into inflamed tissues, but the PEG chains on them that cannot be readily shed reduce their uptake by macrophages in inflamed tissues [19] . To directly evaluate the extent to which our AS-TNF-α-siRNA-SLNs can improve the delivery of TNF-α siRNA into chronic inflammation sites, CIA mice (Fig. 4A) were i.v. injected with fluorescently-labeled siRNA, free or in AS-siRNA-SLNs, and the fluorescence intensity in the inflamed joints/feet of the mice was measured 48 h later. As shown in Fig. 4B-C , the fluorescent signals in the inflamed joints/feet in mice i.v. injected with the AS-siRNA-SLNs were significantly higher than that in mice i.v. injected with free siRNA. It is likely that free siRNA was extensively degraded and renally eliminated [19, 21] , but the siRNA in the AS-TNF-α-siRNA-SLNs was protected and accumulated into the inflamed joints/feet while within the SLNs. Taken together, data in the LPS-induced chronic inflammation model and the CIA model demonstrate that our AS-siRNA-SLNs signficantly increased the distribution and retention of siRNAs in chronic inflammation sites in mouse models.
Therapeutic effect of AS-TNF-α siRNA-SLNs in mice with CAIA
The therapeutic efficacy of the AS-TNF-α-siRNA-SLNs was evaluated in a mouse model of CAIA. The CAIA model was established by injecting mice i.p. with Arthrogen-CIA® 5-Clone Cocktail. The CAIA model has several advantages over the CIA model, including a rapid disease onset, a higher disease rate, and applicability in a larger number of mouse strains. Moreover, it is known that the CAIA model does not respond to methotrexate. Methotrexate is the first-line therapy for patients with more than mild RA symptoms [24, 26, 37] , but only about half of the patients will benefit from treatment with methotrexate alone [38] . Mice were then i.v. injected with AS-TNF-α-siRNA-SLNs on days 1, 3, 5 and 7. Control mice were left untreated or i.v. injected with AS-siRNA-SLNs containing a control siRNA or with methotrexate. As shown in Fig. 5A , when left untreated, the thickness of the mouse paws increased continuously. Treatment with AS-siRNA-SLNs prepared with a control siRNA or with methotrexate did not significantly affect the thickness of the mouse paws, as compared to when the mice were left untreated. However, treatment with our AS-TNF-α-siRNA-SLNs significantly reduced the paw thickness on days 6 and 8 (Fig. 5A) . The clinical scores on day 6 also suggested a significant reduction in inflammation in mice treated with AS-TNF-α-siRNA-SLNs (data not shown). Moreover, micro-CT 3D images of the calcaneus bone of mice shows less roughness in mice treated with the AS-TNF-α-siRNA-SLNs than in mice treated with AS-siRNA-SLNs prepared with a control siRNA or mice treated with methotrexate (Fig. 5B) . As expected, CAIA caused bone loss (Fig. 5C) . Treatment with AS-TNF-α-siRNA-SLNs, but not with AS-siRNA-SLNs prepared with a control siRNA or with methotrexate, significantly inhibited bone loss (Fig. 5C) .
Shown in Fig. 6A and B are mouse hind leg ankle joints after H&E and safranin-O/fast green staining, respectively. CAIA caused inflammatory cell infiltration in the joints and damage to articular cartilage and bones (Fig. 6A) . Treatment with methotrexate or AS-siRNASLNs prepared with control siRNA did not show any significant effect. However, CAIA mice treated with AS-TNF-α-siRNA-SLNs showed only minimum inflammatory cell infiltration in the joints, with intact articular cartilage and healthy bones (Fig. 6A) . Histopathological evaluation also showed that mice treated with AS-TNF-α-siRNA-SLNs showed significantly lower H&E and cartilage damage scores than untreated mice or mice treated with methotrexate or AS-siRNA-SLNs prepared with a control siRNA (Fig. 6B-C) . The CAIA mouse model is known to be an aggressive antibody-dependent RA model, but is not dependent on T cells, which has been used to explain its unresponsiveness to methotrexate [26] . The observed effects of the AS-TNF-α-siRNA-SLNs are likely related to their silencing of TNF-α production by macrophages in the inflamed joints (30) . In a previous study, Chia et al. reported that the concentration of TNF-α in hind paws in CAIA mice was below the lowest detection limit of ELISA [32] . Similarly, we could not detect any significant difference in TNF-α concentrations in the inflamed tissues or the serum samples of CAIA mice left untreated or treated with the AS-TNF-α-siRNA-SLNs. It is important to mention that during the study, there was not any significant difference in mouse body weight among all the CAIA groups (data not shown). An i.v. injection of siRNAs, even in nanoparticles, can induce a strong innate immune response triggered by the systemic induction of pro-inflammatory cytokines such as type I interferons [39, 40] . We did not detect any significant difference in pro-inflammatory cytokines (i.e. interferon-α, TNF-α) in the serum samples of CAIA mice treated with AS-TNF-α siRNA-SLNs, CAIA mice left untreated, and healthy mice upon the euthanization of the mice (data not shown).
The AS-siRNA-SLNs were prepared with biocompatible materials. Further evaluatons of the efficacy of the AS-TNF-α siRNA-SLNs will be carried out after pharmacokinetics and toxicity tests in a murine model. Nonetheless, our data in Figs. 5-6 clearly demonstrate the potential feasibility of developing our AS-TNF-α siRNA-SLNs as a therapy to treat RA that does not respond adequately to methotrexate. This aspect of the TNF-α siRNA therapy, to our best knowledge, has not been noticed before. Other TNF-α siRNA formulations were tested in the CAIA model previously, but the efficacies of the formulations were not compared with that of methotrexate [34, 41] . There is currently no cure for RA. Current treatments that may control the disease include non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, disease-modifying antirheumatic drugs (DMARDs, e.g. methotrexate), and biologic agents (e.g. anti-TNF-α monoclonal antibodies), which are all associated with significant side effects [42] . Biologic agents directly target components of the immune responses, including pro-inflammatory cytokines (e.g. TNF-α) and immune cells (e.g. B & T cells). Biologic agents are often reserved for patients who cannot tolerate or do not responsed adequately to DMARDs such as methotrexate [43, 44] . In RA therapy, when a patient begins to respond inadequately to methotrexate, the patient will be treated with another DMARD or a TNF inhibitor. However, clinical experience showed that biological agents exhibit enhanced efficacy to RA only when they are combined with methotrexate [45] . Based on our data in the CAIA model, there is the possibility that TNF-a siRNA may be effective in patients who respond inadequately to methotrexate. Finally, similar to many biological agents, TNF-α siRNA will likely be effective against other chronic inflammatory diseases as well.
Conclusion
In conclusion, we report the development of a TNF-α siRNA nanoparticle formulation that shows promising efficacy against arthritis in a mouse model of CAIA that does not respond to methotrexate. The nanoparticles have a high siRNA encapsulation efficiency (> 90%) and a minimum burst release of siRNA. The nanoparticles increase the delivery of siRNA into chronic inflammation sites.
